Adsorption on a boundary line confining a monolayer of particles self-assembling into clusters is studied by MC simulations. We focus on a system of particles interacting via competing interaction potential in which effectively short-range attraction is followed by long-range repulsion, mimicking the so called SALR system. For the chemical potential values below the order-disorder phase transition the adsorption isotherms were shown to undergo non-standard behavior, i. e. the adsorption exhibits a maximum upon structural transition between structureless and disordered cluster fluid. In particular, we have found that the adsorption decreases for increasing chemical potential when (i) clusters dominate over monomers in the bulk, (ii) the density profile in the direction perpendicular to the confining line exhibits an oscillatory decay, (iii) the correlation function in the layer near the adsorption wall exhibits an oscillatory decay in the direction parallel to this wall. Our report indicates striking differences between simple and complex fluid adsorption processes.
I. INTRODUCTION
Traditionally, adsorption is considered as a deposition of particles on a surface. In the case of simple atomic or molecular species, polymers, liquid crystals, proteins, other biological objects it has received a huge amount of attention, considering different aspects of the phenomena. In particular, monolayer and multilayer adsorption including wetting, prewetting, different phase transitions and criticallity of adsorbed layers were investigated in detail [1] [2] [3] [4] [5] [6] [7] [8] [9] . On the other hand, not much attention has been given to adsorption in monolayers on restricting walls. If the adsorbed monolayer is modeled as a two-dimensional (2D) system, then the confining walls are one-dimensional (1D) and one can consider layers of particles formed in the neighborhood of the 1D walls as adsorbed layers. In the present study, we describe how particles interacting via nonmonotonical pair potential in which effectively hard-core repulsion is followed by attraction well and repulsive tail (SALR system) adsorb on a straight 1D wall that confines a flat surface.
For 2D systems, the influence of confinement on pattern formation was previously investigated experimentally [10] [11] [12] [13] [14] [15] [16] , theoretically [17] [18] [19] [20] [21] and by computer simulations [22, 23] . When the pattern formation is induced by competing attractive and repulsive interactions the size and shape of the confinement was shown to be crucial when the aim is to fabricate a defect free pattern [22] or a chiral structure [23] . The confinement effects on SALR clusters were described also in 1D case, where the aggregates were shown to induce spatial bistability [24] or pressure decrease upon increase of the density [25] . To our knowledge, however, for particles interacting with isotropic competing interactions 2D adsoprtion isotherms have not been described so far.
In dilute SALR systems, formation of clusters has been observed when the particle density exceeds the value corresponding to the critical cluster density [26, 27] , analogous to the critical micelle density in surfactant mixtures. While the ordered periodic phases in the SALR [28] systems have not been observed experimentally yet [29, 30] , the cluster fluids, first reported in Ref. [31] , are quite often observed for various systems. Only recently, the effect of clustering on the adsorption on confining walls has been studied [27] and it was shown that the effect of clustering on the adsorption phenomena in 3D is very strong, and deserves further investigation.
In this work we study the entirely unexplored question of the effect of self-assembly into clusters on adsorption on a confining line in a 2D system of SALR particles. In the case of a single boundary line at z = 0, the line excess amount or the Gibbs adsorption is defined as follows:
where ρ(z) and ρ b are the average density at the distance z from the wall and in the bulk, respectively, for fixed chemical potential µ * .
We calculate the adsorption isotherms for a triangular lattice model introduced earlier in
Refs. [25, 32] and summarized in sec. II. In the same section our Monte Carlo simulation method is briefly described. In addition, we calculate structural characteristics such as the cluster distribution in the bulk and near the wall, density profile in direction perpendicular to the wall and the correlation function in the layers parallel to the wall. The results are presented in sec.III, where the relation between the shape of the adsorption isotherm and the structure of the fluid is also discussed. We summarize our results and present our conclusions in sec.IV.
II. THE MODEL AND THE SIMULATION PROCEDURE
In order to allow close-packed structure, we have used a triangular lattice with a lattice constant equal to the particle diameter. After Ref. [22, 32] , we assume the following interaction potential between the particles on the lattice sites:
+J 2 for |∆x| = 2, (for third neighbors) 0 otherwise
where −J 1 and J 2 represent the energy of interparticle attraction and repulsion, respectively. We used the ratio J 2 /J 1 = 3 as in Refs [22, 25, 32] .
The thermodynamic Hamiltonian for our system has the following form:
where ∑ x is the sum over all lattice sites, ∑ x 0 is the sum over the sites nearest to the wall (or walls),ρ(x) is the occupation number.ρ(x) = 1 or 0 if the site with the coordinate x is occupied or vacant. U w is the interaction energy of a particle with the wall. It can be negative (attractive boundary), positive (repulsive boundary) or vanishing (neutral wall). In experimental systems, the long-range repulsion between the particles is often of electrostatic origin. In such a case, the walls interacting with the particles only at short distances are charge-neutral. In calculations, the dimensionless values T * = k B T /J 1 , µ * = µ/J 1 , J * 2 = J 2 /J 1 , h = U w /J 1 are used.
The phase diagram as well as the ground states of this system in the bulk were investigated in Ref. [25, 32] . As shown in Ref. [22] for the stripe (lamellar) phase, the confinement between two parallel lines can drastically change the structure in the whole slit. The presence of a single wall may change the particle arrangement in its vicinity, but the effect of a single confining line has not been studied in this model yet.
In theory, the phenomenon of adsorption is considered as the deposition of particles on a planar boundary in a semi-infinite system, Eq.(1), but in the computer simulation, a stripe between two walls has to be modelled. We define the adsorption for our model by
where ρ(z) and ρ c are the average density at the distance z from the wall and in the central one third part of the system, respectively, and both densities are calculated for the chemical potential µ * . For large enough inter-wall distance L, ρ c should be the same as the density in the bulk, ρ b ;
otherwise the finite-size effects have to be taken into account. The finite size effects can be studied by varying the wall-wall distance, but it goes beyond the scope of this work. In the direction parallel to the walls, periodic boundary conditions are specified.
The Monte Carlo simulation procedure was carried out in the grand canonical ensemble according to the Metropolis algorithm with a standard importance sampling. We chose the distances between the walls L and the system size along the walls H the same as L = H = 80 to be sure that this distance is several times larger of the largest correlation length in the system. To verify that ρ c = ρ b , we computed ρ b in a system with periodic boundary conditions.
III. RESULTS
A. The ground State (T * = 0)
As noted above, we assume that the interaction between the particles and the walls exists only in the rows closest to them. The walls can be neutral h = 0, attractive h < 0 or repulsive h > 0.
In the case of neutral walls (h = 0), the ground states are cluster (e,f), lamellar (h) and bubble (i,l) phases ( Fig. 1 ) that are similar to that in the bulk. The phase (e) only indicates absence of adsorption on the wall with homogeneous distribution of the average density in layers parallel to the wall. The lamellar phases (h) and (h') are strictly periodic in the direction perpendicular to the wall and filled layers start directly from the attractive wall. The other phases are separated from the wall by different structures in two (f,l) or four (i) adjoining layers. For not neutral walls the same bulk structures appear with more rich adsorbed structures within six adjoining rows at most.
It is interesting to consider an attractive wall and small values of the chemical potential corresponding to the ordered cluster phase shown in panel (c) in Fig.1 . In the two rows closest to the boundary (rows 1 and 2), the clusters are packed more densely than in the bulk. The two following rows (rows 3 and 4), however, are empty because of the repulsion between the third neighbors.
As a result, the adsorption is negative, Γ = −1/3. This counter-intuitive result showing that the attractive surface can lead to a desorption follows from the formation of the depletion (empty) zone following the adsorbed layer. Let us focus on the vacuum that is the T = 0 state of the disordered dilute phase studied at T > 0 in the following sections. A layer of thin or thick clusters
The adsorption is positive in the two cases, in contrast to the case discussed above. At µ * = −2.0 there is a discontinuous change from Γ = 1/2 to Γ = 1, next at µ * = −1.5 the adsorption jumps from Γ = 1 to Γ = −1/3, and at µ * = −0.75 from Γ = −1/3 to Γ = 0.
B. The adsorption isotherms
We investigated the behavior of the adsorption at various temperatures and the interaction with the walls (Fig. 2 ). The chemical potential values are restricted by µ * pt = −1.0, −0.7, 0.0 for T * = 0.5, 0.7, 1.0, respectively, to avoid the influence of phase transition effects on the adsorption phenomena.
For the walls with attracting character (h < 0), the maximum of adsorption at the low temperature T * = 0.5 is observed at the value of the chemical potential, which corresponds to the disordered gas phase in the bulk. At the lowest value of the chemical potential, the adsorption is weak due to very low density of particles. With increasing the chemical potential and correspondingly the bulk density, the adsorption increases as well up to an intermediate value of the chemical potential and then starts to decrease.
In a warmer environment (T * = 0.7, 1.0), the adhesion of particles to the wall becomes less intense. As a result, the maximum values of adsorption decrease with increasing temperature and the peak of the adsorption is smoothed out. It is of interest to investigate the effect of the formation of this peak in more detail. To this end, the partial adsorption is introduced as 
The partial adsorption for the chemical potential values smaller, at the adsorption maximum and above the latter is shown in Fig. 3 .
The partial adsorption is asymptotically approaching the total adsorption for the same chemical potential. However, the deviations of the partial adsorption from the asymptotic value are growing when the chemical potential and bulk density are increasing. This is a consequence of the clusters formation in the system. The partial adsorption dependence on z allows to estimate the distance from the wall where its influence spans. It strongly increases with the density and involve 4, 8 and With an increase in the energy of interaction with the wall h, the density of adsorbed particles near it increases and the peak position of Γ(µ * ) shifts to the region of lower chemical potential ( Fig. 2) .
Because of the attraction to the wall, the density of particles ρ 0 in the row adjoining to it grows initially faster with the chemical potential increase than in the bulk (Fig. 5 ). However, when ρ 0 attains the value corresponding to the maximal adsorption, its growth slows down.
The total adsorption is mainly determined by the rivalry of the density deviations in the two rows closest to the wall and the two subsequent ones that is the result of the competing interpar- the density ρ 0 on the intensity of the wall attraction ( Fig. 4) . Even at the lowest bulk density (Fig.   4a ) the ratio (ρ 0 /ρ c ) is considerably smaller than the Boltzmann factor exp(−h/T * ), especially at h = −2. This is just the influence of the interparticle repulsion, because ρ 0 is large enough when the repulsion can order the system into succession of rhombuses [32] . The upper bound for ρ 0 for a layer of clusters that do not repel one another is ρ 0 = 1/2 (see Fig.1 ). At the same time, the bulk density increases as well, and the density in the rows 3 and 4 decreases to very small values. These two layers lead to a negative contribution to the adsorption, and the absolute value of this contri- bution increases with increasing bulk density. The result of this is the maximum on the chemical potential dependence of the total adsorption. An additional information can be drawn from adsorption at neutral and repulsive walls. The neutral wall behaves like an attractive one, especially at the chemical potentials corresponding to not very small concentrations (Fig. 2) . Definitely, this is the result of the long range interparticle repulsion. The particles in the rows closest to the wall feel repulsion from the bulk side of the system and do not experience such an action from the wall. This effect comes even out for the repulsive wall resulting in a considerably weaker negative adsorption as compared to that at the attractive one.
D. Cluster formation
In systems with competing interactions the formation of clusters plays an important role in general [26, 32, 33] as well as in adsorption phenomena as it was demonstrated for a 3D off-lattice system [27] . Thus, the analysis of possible clusters and their distribution in the near wall region can give an additional insight into characterization of the adsorption in our 2D lattice system.
The following types of clusters are predominantly found in the gas phase of these systems: monomers, dimers, 2 types of triangular clusters and rhomboidal clusters. The contribution of each of them changes with increasing the chemical potential or density both in the bulk and in the border area (Fig. 6) .
The distribution is shown for cluster sizes M ≤ 7 since the contribution of clusters of higher sizes is much lower of the order of 10 −6 . In addition, for each of the sizes greater than or equal to 3, the sum of the probabilities of all possible configurations was calculated due to the fact that the probability of the most energetically favorable configuration is much higher than the others for the same cluster size (an equilateral triangle for M=3, a rhombus for M=4, a trapezoid for M=5) and is approximately 95% relative to the total number of clusters of a given size for the chemical potential values considered. As an exception, three-particle clusters can be distinguished: the contribution of the clusters that form the equilateral triangle is about 80%, about 20% is a part of the clusters, forming an irregular triangle, and much less than 1% are for linear clusters.
With the density increase, the particle distribution shifts to larger cluster sizes. As compared to the bulk, the excess of isolated particles in the near-wall region decreases with the chemical potential increase and takes a negative value for µ = −1.0. At the chemical potential that corresponds to the maximum of the adsorption, the probability distribution of particles among the clusters is a qualitatively different from two other situations. The probability distribution has two highs, one for isolated particles and the other for rhombuses.
A similar situation takes place in the bulk that can be explained by the density increase although there is a large difference in the bulk and the near-wall mean particle densities (0.2 against 0.4 at µ = −1 and T * = 0.5). The ordered structures in these regions are different. In the near-wall region a two-row stripe filled by the rhomboid clusters is followed by almost empty two rows while in the bulk they are homogeneously distributed. Thus, the most ordered rhombus state in the bulk [32] is observed at ρ = 1/3, while in the near-wall region at ρ = 1/2 ( Fig. 1 ) that leads to similar distributions of particles among the clusters in both regions. Two orientations of rhomboid clusters in the near-wall region are observed with the edges parallel to the wall. 
E. Correlation effect
For a detailed analysis, we decided to study the behavior of the correlation functions g z (δ y) depending on the distance δ y between the sites of the lattice in the direction parallel to the wall, for several layers at the distance z from it.
For small values of µ * , when the density is very low, the density at the surface grows faster with increasing the chemical potential than the density in the bulk, because interaction with the wall makes it favourable to introduce a particle or a cluster at the surface. When the density becomes larger, and the average distance between the clusters at the surface is too small to introduce another cluster without causing a repulsion with the new and the existing clusters, it becomes more favourable to introduce a cluster to the bulk, where the density is smaller. At this value of the chemical potential the correlation function ( Fig. 7) in The oscillatory decay of the correlation function in the parallel direction and of the density profile in the perpendicular direction both start when the adsorption begins to decay as a function of µ * . This is consistent with the slower increase of the density at the wall than in the bulk. In the bulk the density is still low enough and the probability that a cluster introduced randomly will be close to existing clusters is low.
Since the density at the surface (rows 1 and 2) grows more slowly, and in the layer next to them (rows 3 and 4) the density attains very small values, the difference between the mean near-wall density and the density in the bulk must decrease. This is an effect of the repulsion between the clusters when the density is relatively large. It leads to the local periodic ordering on the one hand, and to the decreasing adsorption on the other hand.
As a result of which, it can be noted that the attractive surface covered by clusters changes to an efficiently repulsive one: the repulsive barrier in it is formed by adsorbed particles [27] , which, due to interaction with each other, have a stronger repulsion at long distances.
IV. SUMMARY AND CONCLUSIONS
The purpose of this work was investigation of the effect of cluster formation on adsorption phenomena. We focused on a monolayer of SALR particles confined by a straight wall. In order to determine general effects common to many SALR systems, we considered a generic model with a phase diagram determined earlier in Ref. [32] . We assumed that the particles occupied sites of the 2D triangular lattice, and interacted as in the model introduced in Ref. [25] (first neighbor attraction and third neighbor repulsion). The wall modeled by a straight line interacted only with the particles in the first row (next to the wall).
We have obtained the adsorption isotherm as a function of the chemical potential, Γ(µ * ), for a few values of temperature and for different strengths of the wall-particle interaction. In addition, structural characteristics such as cluster size distribution in the bulk and near the wall, density profile in the direction perpendicular to the wall, correlation function in the direction parallel to the wall, density in the first row and in the bulk, and partial adsorption defined in Eq.(5) were computed. All quantities were obtained by MC simulations.
We have found that the shape of the adsorption isotherm is qualitatively different than in simple fluids. In the case of the dilute phase, the adsorption is a nondecreasing function of the chemical potential when the long-range repulsion between the particles is absent. In contrast, if the longrange repulsion is present, the adsorption takes a pronounced maximum for the chemical potential µ * = µ * max that is significantly smaller than its value at the phase transition (i.e. still in the lowdensity disordered phase). We have found this characteristic non-standard shape of Γ(µ * ) for all studied temperatures and even in the absence of wall-particle attraction.
Interestingly, all the studied structural characteristics undergo a qualitative change for µ * ≈ µ * max . When Γ(µ * ) is an increasing function of µ * , the system behavior is dominated by individual particles. Even though clusters are present when µ * exceeds a certain value, the probability of finding an isolated particle is larger than the probability of finding a particle belonging to the optimal cluster (Fig.6 ). The density in the first row increases faster than the density in the bulk for increasing µ * (Fig.5 ), but it is still low enough so that the average distance between the particles is larger than the range of the repulsion. No short-range order is present near the wall. In this low-density regime, it is more probable that single particles rather than clusters of particles will be introduced to the system upon increase of µ * . Moreover, with a large probability the new particles will be adsorbed at the attractive wall. Even a neutral wall effectively attracts particles, because the long-range repulsion by the particles at z > 0 is not compensated due to missing neighbors for z < 0.
For µ * > µ * max , however, the probability of finding an isolated particle is smaller than the probability of finding a particle belonging to the optimal cluster ( Fig.6 ). In this case, we may expect that clusters will be introduced to the system with a larger probability than isolated particles when µ * increases. For this range of µ * , the density in the first row is larger, and the average distance between the clusters is significantly smaller than in the bulk. For this reason the longrange repulsion can be more easily avoided when a new cluster is introduced to the bulk, rather than to the near-surface region. As a result, the density in the bulk grows faster than at the wall, and the adsorption decreases for increasing µ * . Moreover, to avoid the repulsion between the clusters, a short-range order near the wall appears. This short-range order is represented by the oscillatory density and correlation function in the perpendicular and parallel directions, respectively. The density in the layer of clusters at the wall (rows 1 and 2) approaches 1/2, and the density in the rows 3 and 4 approaches 0 when T → 0 (Fig5). This empty layer gives a negative contribution to the adsorption, and shows that an attractive surface covered by the clusters of the SALR particles becomes effectively repulsive. A similar depletion zone was observed in a 3D system [27] . We expect the remaining anomalies to hold in 3D as well. However, due to a repulsive barrier between the adsorbed particles and the bulk, it can be tricky to study and would require nontrivial sampling methods.
